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1.  Introduction 


Transparent,  polycrystalline  ceramics  are  vital  to  applications  such  as  transparent 
armor,  laser  host  materials,  and  optical  sensing.  However,  transparent  ceramics 
have  been  limited  to  those  materials  with  isotropic  unit  cells  as  either  single  crystals 
or  nanocrystalline  polycrystals.1  3  Anisotropic  ceramics  can  only  be  made 
transparent  in  the  nanocrystalline  polycrystal  form  when  the  nanocrystals  are 
smaller  than  the  wavelength  of  light. 13  To  obtain  transparent  ceramics,  2 
requirements  must  be  met:  1)  the  material  cannot  absorb  or  reflect  light,  and  2)  the 
material  cannot  substantially  scatter  light.1-4  While  most  technical  ceramics  do  not 
absorb  a  significant  amount  of  light,  most  scatter  light  for  a  number  of  reasons,  as 
shown  in  Fig.  1.  Scattering  occurs  when  there  is  an  interface  between  2  media  with 
different  refractive  indices.1  Optical  inhomogenities  such  as  second  phases, 
contaminants,  and  pores,  in  particular,  have  different  indices  of  refraction,  causing 
light  to  be  refracted  and/or  reflected  at  the  interface.1^1  Additionally,  grain 
boundaries  in  anisotropic  ceramics  cause  scattering  because  different  crystal  planes 
have  slightly  different  refractive  indexes;  when  grains  are  randomly  oriented,  light 
is  scattered  as  it  passes  from  grain  to  grain.1  In  order  for  a  sample  to  be  transparent, 
these  scattering  centers  have  to  be  either  much  bigger  or  much  smaller  than  the 
wavelength  of  light  passing  through  the  sample.1  3  Since  the  visual  spectrum  of 
light  is  between  400  and  700  nm  (~0.5  pm),  grains  must  either  be  much  larger 
(several  hundred  microns)  or  much  smaller  (tens  of  nanometers). 


Reflection 
Contaminant 
Precipitate/Second  Phase 
Pore 

Scattering  because  of 
Crystal  Plane  Mismatch 


Fig.  1  Sources  of  light  scattering  in  polycrystalline  ceramics 
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Since  large,  single  crystals  are  difficult  and  costly  to  produce,  there  are  2  distinct 
approaches  to  producing  transparent  anisotropic,  polycrystalline  ceramics  such  as 
alumina:  1)  minimize  grain  size  or  2)  enhance  grain  orientation.  The  former  has 
been  used  frequently  to  produce  transparent  ceramics,  while  the  latter  has  not.1  5 
For  grain  orientation  (crystallographic  texture)  to  be  used  alone,  it  has  been 
theorized  that  all  grains  would  have  to  be  perfectly  aligned,  thereby  essentially 
behaving  as  a  single  crystal.1  Since  that  is  an  unlikely  solution,  a  third,  hybrid 
approach  to  producing  transparent  ceramics  has  been  identified:  minimizing  grain 
size  while  simultaneously  enhancing  grain  alignment.  Since  transparency  is  being 
optimized  in  2  different  ways,  it  is  theorized  transparency  will  be  observed  for 
grains  of  moderate  size  (-600  nm)  under  moderate  alignment  (70%-80%),  thus 
significantly  altering  the  processing  route  and  alleviating  the  need  to  produce  either 
extreme.1 

Methods  for  producing  fine  ceramic  powders  with  homogenous  final  sintered 
microstructures  have  been  extensively  explored,  since  fine  grains  lead  to 
advantageous  mechanical  properties  and  transparency.6  A  method  for  producing 
nano-sized  alumina  powder  by  a  co -precipitation  process  has  already  been 
established.7,8  In  this  method,  aluminum  nitrate  along  with  nitrates  of  any  preferred 
dopants  are  dissolved  in  water  and  added  drop-wise  with  a  basic  ammonium 
bicarbonate  solution  into  a  buffer  solution.  An  aluminum-ammonium-carbonated- 
hydrate  results,  forming  nano-grained  alumina  with  a  high  surface  area  upon 
calcination. 

Several  techniques  have  been  explored  to  produce  grain  alignment.  They  include 
platelet  seeding  for  templated  grain  growth,  hot  pressing,  tape  casting  platelets, 
incorporating  sintering  additives,  and  magnetic  alignment,  the  last  of  which  has  not 
been  well  researched.5,9-19  Magnetic  manipulation  of  liquid  metals  has  been  used 
for  some  applications,  but  those  techniques  are  of  limited  use  in  ceramics  due  to 
the  inherently  low  magnetic  susceptibility  of  ceramics  and  the  high  viscosity  of  the 
system  due  to  significantly  higher  melting  temperatures  of  ceramics.11,18,20,21 
Ceramics  are  often  paramagnetic  or  diamagnetic  and  therefore  have  typically  low 
magnetic  susceptibilities.10,11,13,14,17  Magnetic  susceptibility  is  a  measure  of  how 
strongly  a  material  will  magnetize  in  response  to  an  applied  magnetic  field  and 
consequently  is  also  a  measure  of  how  strong  a  field  will  be  necessary  to  get  an 
appreciable  response.22  Furthermore,  many  ceramics  exhibit  magnetic 
susceptibility  anisotropy  due  to  different  magnetic  susceptibilities  associated  with 
different  crystallographic  directions.11  14,17,19,21  Because  of  this  anisotropy,  such 
crystals  will  align  the  axis  with  the  highest  magnetic  susceptibility  in  the  direction 
of  the  field  providing  a  potential  mechanism  for  preferred  crystal  orientation  in 
diamagnetic  materials.11  14,17,19,21  The  magnetic  response  of  ceramics  is  governed 
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by  2  main  equations.  Equation  1  describes  the  anisotropic  magnetic  energy  (AE)  as 
a  function  of  the  system  properties  and  the  applied  magnetic  field.  Equation  2 
describes  the  temporal  requirement  ( t )  for  rotating  the  crystal  assuming  no  steric 
hindrance.23 


and 


AE  =  V  (*c  >kBT  , 

^0 


(1) 


_  30r]+r2aB2 

5Uc~Xa,b)B2 


In 


(tane 
tan0o 


(2) 


where  V  is  the  primary  crystal  volume,  Xa,b,  and  x<  are  the  magnetic  susceptibilities 
of  the  crystallographic  planes  that  will  be  perpendicular  and  parallel  to  the  magnetic 
field,  respectively,  following  alignment,  juo  is  the  permeability  of  free  space,  B  is 
the  externally  imposed  magnetic  flux  density,  Ub  is  Boltzmann’s  constant,  T  is  the 
absolute  temperature,  t  is  the  time  needed  for  a  crystal  to  rotate  a  certain  amount 
assuming  no  steric  hindrances,  77  is  the  viscosity  of  the  melt  or  fluid  surrounding 
the  crystal,  r  is  the  crystallite  radius,  a  is  the  electrical  conductivity  of  the  particle, 
and  0o  and  ©  are,  respectively,  the  initial  and  final  angles  of  the  crystal  easy-axis 
(parallel  axis,  Xc)  with  respect  to  the  magnetic  field.23 


In  order  for  alignment  to  occur,  the  magnetic  energy  on  a  crystal  inciting  rotation 
must  be  larger  than  the  thermal  energy  ( kbT ),  Eq.  1 ,23  Additionally,  the  magnetic 
energy  is  a  function  of  3  variables  demonstrated  in  Fig.  2:  first,  the  crystal  size, 
second,  the  difference  in  magnetic  susceptibility  across  different  crystallographic 
planes,  and  finally,  the  magnetic  field  strength.  Furthermore,  there  is  a  time 
dependence  on  magnetic  alignment  based  on  the  environment  around  the  particles 
and  their  own  magnetic  energy.  From  Eq.  2  it  is  evident  that  this  is  a  function  of 
the  viscosity  of  the  fluid  phase,19  particle  conductivity,  the  degree  of  rotation 
necessary,  and  the  magnetic  energy  of  the  crystals.  Based  on  those  factors,  it  is 
anticipated  that  an  extremely  strong  magnetic  field  on  the  order  of  several  tesla  will 
be  necessary  to  produce  the  required  magnetic  torque  for  achieving  magnetic 
alignment  in  nano-sized  crystallites  of  a  material  with  weak  magnetic  susceptibility 
anisotropy.17,24  Additionally,  it  is  imperative  to  use  a  ceramic  forming  system  with 
a  low  viscosity  liquid  phase.  For  that  reason,  almost  all  magnetic  alignment  studies 
of  ceramic  particles  involve  some  form  of  colloidal  processing;  slip-casting,  gel¬ 
casting,  or  tape  casting,  which  gives  particles  the  mobility  of  a  low-viscosity  liquid 
phase  in  the  absence  of  a  melt.5,9,12-15,17,19 
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Fig.  2  Schematic  illustrating  Eq.  1  showing  the  forces  acting  on  a  weak  magnetic  crystallite 
in  a  magnetic  field 

Alumina’s  favorable  thermal  properties  make  it  an  excellent  choice  for  a  laser  host 
media,  aside  from  being  optically  anisotropic.  However,  this  anisotropy  may  be 
overcome  using  the  hybrid  approach  of  both  minimizing  grain  size  and  maximizing 
grain  alignment.  Including  rare-earth  (RE)  dopants  should  allow  alumina  to  lase 
and  enhance  the  magnetic  susceptibility  of  the  alumina  for  increased  grain 
alignment  under  a  magnetic  field.  In  this  study,  the  effect  of  RE  dopants  on  the 
grain  alignment  of  alumina  was  considered  to  determine  which  RE  dopants  provide 
the  greatest  response  and  to  determine  their  efficacy  at  enhancing  grain  alignment. 
Nano-sized  alumina  particles  were  suspended  in  an  epoxy  at  low-solids  loading  and 
set  under  an  applied  magnetic  field  before  being  analyzed  with  X-ray  diffraction 
(XRD)  to  determine  the  grain  alignment.  Density  functional  theory  (DFT) 
calculations  were  performed  to  aid  in  understanding  the  source  of  the  RE  dopant 
effects.  The  results  of  this  study  enable  development  of  a  gel-casting  system  for 
oriented  green  bodies,  eventual  sintering,  and  producing  high-quality  transparent 
parts. 

2.  Methods  and  Materials 


2.1  Synthesis  of  Nano-Alumina  Ceramic  Powders 

A  co-precipitation  method  was  used  to  synthesize  amorphous  pre-alumina  powder 
in  an  aqueous  environment.8  Prior  to  precipitation,  2  solutions  were  prepared:  an 
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acidic  solution  (solution  A)  and  a  basic  solution  (solution  B).  The  acidic  solution 
consisted  of  aluminum  nitrate,  magnesium  nitrate,  and  RE  nitrate  in  stoichiometric 
amounts  to  get  a  composition  of  RExAh-xCE  (RE  =  Er  [erbium],  Pr 
[praseodymium],  Gd  [gadolinium],  Yb  [ytterbium],  400  ppm)  and  250  ppm  of 
magnesium.  Adding  magnesium  to  alumina  had  the  dual  purpose  of  creating 
structural  distortion  to  assist  in  dissolving  the  RE  into  the  A1  octahedral  site  and 
acting  as  a  grain  growth  inhibitor.25  Deionized  (DI)  water  was  added  to  the  mixed 
nitrates  to  get  a  7.5-M  solution  of  A1(N03)3;  the  RE  and  magnesium  nitrates  were 
not  included  in  the  calculation.  The  basic  solution  consisted  of  11%  by  weight 
ammonium  bicarbonate  and  3%  by  weight  ammonium  hydroxide  in  DI  water.  Both 
solutions  were  stirred  until  all  crystals  had  dissolved,  adding  heat  if  necessary. 

Once  solutions  A  and  B  were  prepared,  a  third  buffer  solution  was  mixed  in  which 
the  reactions  would  take  place.  The  amount  of  buffer  solution  (2%  by  weight 
ammonium  bicarbonate  in  DI  water)  depended  on  the  batch  size.  The  pH  of  the 
buffer  solution  was  adjusted  to  approximately  7  with  a  small  amount  of  nitric  acid. 
Finally,  solutions  A  and  B  were  added  drop- wise  to  the  buffer  solution  in  such  a 
way  that  the  pH  stayed  at  approximately  7  during  the  entire  precipitation  exercise. 
When  solution  A  was  exhausted  and  the  pH  remained  stable  at  approximately  7, 
the  resulting  suspension  was  allowed  to  age  while  stirring  vigorously,  overnight. 
Following  aging  for  greater  than  12  h,  the  suspension  was  filtered  from  the  salty 
solution.  The  resulting  powder  was  then  washed  twice  with  DI  water  and  once  with 
isopropyl  alcohol.  After  washing,  the  powder  was  put  into  an  oven  to  dry.  The  dry 
powder  was  gently  crushed  and  calcined  at  1,300  °C  for  30  min  (10  °C/min  heating 
and  cooling  rate). 

2.2  Magnetic  Alignment  Studies 

Two-part,  room-temperature  curing  epoxy  (EP1112NC  Clear,  Resinlab, 
Germantown,  WI)  was  used  to  suspend  powder  and  hold  it  in  place  after  alignment. 
First,  alumina/methanol  slurries  were  ball  milled  to  break  up  agglomerates 
generated  from  the  calcination  process.  After  ball  milling,  the  alumina/methanol 
slurry  was  added  to  Part  A  of  the  epoxy  and  mixed  using  a  wrist  action  shaker. 
Methanol  was  used  as  the  solvent  because  it  could  be  used  to  dilute  the  epoxy 
without  changing  the  overall  properties  of  the  epoxy,  allowing  for  thorough  mixing 
of  the  alumina  in  the  epoxy.  Enough  alumina/methanol  slurry  was  added  to  Part  A 
so  that  the  final  ratio  of  alumina  to  cured  epoxy  would  yield  20  wt%.  Finally,  the 
methanol  was  evaporated  out  of  Part  A  in  a  hot  water  bath  resulting  in  an  alumina 
powder  suspended  in  Part  A  epoxy.  On  the  date  of  magnetic  alignment,  the 
alumina/Part  A  suspension  was  added  to  the  calculated  amount  of  Part  B  for  curing. 
The  parts  were  mixed  well  with  a  wooden  stir  stick,  cast  into  lubricated  1-inch 
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cylindrical  plastic  potting  cups,  and  set  under  no-field  (control),  1.8-T  magnetic 
field  (1.8-T  electromagnet,  Fig.  3),  and  9-T  magnetic  field  (9-T  Horizontal  Bore 
Superconducting  Magnetic,  American  Magnetics  Inc.,  Oak  Ridge,  TN).  After 
sitting  in  the  field  for  at  least  3  h,  a  heat  gun  was  used  to  accelerating  the  epoxy 
curing  process  during  the  control  and  1.8-T  conditions.  The  samples  cured  at  9  T 
were  allowed  to  cure  at  room  temperature  overnight. 


Fig.  3  Aligning  epoxy  and  slurry  casts  within  a  1.8-T  magnetic  field 

After  curing,  the  pucks  were  demolded,  cut  parallel  to  the  field  direction,  and  cross- 
sectioned  as  shown  in  Fig.  4,  for  analysis  with  XRD  using  Cu-Ka  radiation  at 
30  kV,  15  mA  (Rigaku  MiniFlex  II).  XRD  scans  were  performed  over  a  34-45  °20 
range,  at  a  step  angle  of  0.01  °20,  and  a  scan  rate  of  1  °20/min. 


Fig.  4  Cutting  and  mounting  pattern  of  epoxy  pucks  cured  in  magnetic  field 

The  resulting  scans  were  analyzed  using  Jade  8  software  (MDI,  Livermore,  CA). 
For  each  scan,  the  background  was  automatically  removed,  peaks  were  identified, 
and  pattern  fitting  was  conducted  to  identify  peak  area  and  peak  height  values  in 
addition  to  associated  errors.  The  Lotgering  factor  (LF)  was  calculated  for  each 
scan  using  the  powder  diffraction  file  #01-089-7717  (Synthetic  Corundum,  space 
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group  R3c )  and  Eq.  3.  The  LF  ranges  from  0  to  1,  with  0  indicating  random 
alignment  and  1  indicating  perfect  alignment. 


LF  = 


PgUgrvment  P random 
1— ^random 


(3) 


where 


alignment 


_  1  (aligned  peak ) 

27(aZZ) 


(4) 


and 


random 


_  I  (aligned  peak), PDF 


2 1  (all),, 


PDF 


(5) 


According  to  Eq.  3,  P alignment  denotes  the  fraction  of  the  summation  of  the  peak 
intensities  corresponding  to  the  preferred  orientation  axis  to  that  of  the  summation 
of  all  diffraction  peaks  in  the  particle-oriented  materials.  Pmndom  is  simply  the  same 
as  P alignment  except  calculated  from  the  peak  intensities  in  the  powder  diffraction  file 
(random  orientation).  In  addition  to  the  LF,  synchrotron  X-ray  powder  diffraction 
and  Rietveld  refinements  were  used  to  calculate  the  amount  of  alpha  and  theta  phase 
alumina  in  each  material. 


2.3  Density  Functional  Theory  Calculations 

First  principles  DFT  calculations  were  conducted  to  provide  further  understanding 
of  the  dopant  effect  on  magnetic  alignment  and  to  aid  in  interpreting  the  alignment 
results.  The  calculations  were  performed  at  elevated  RE  concentrations  of 
RE0.042 All. 958O3  with  respect  to  the  experimental  composition  of  RE0.002AI1.998O3. 
This  composition  enabled  investigating  enhanced  magnetic  properties  while 
maintaining  a  sufficiently  large  supercell  size  to  prevent  dopant-dopant 
interactions.  Both  a-  and  0-AI2O3  were  examined  using  120-atom  supercells  (24 
formula  units)  having  lattice  vectors  on  the  order  of  1  nm.  RE-dopants  were 
substituted  into  an  Al3+  octahedral  site  of  a-  and  0-AI2O3  and  the  additional  Al3+ 
tetrahedral  site  observed  in  0-AI2O3.  Spin-polarized  calculations  were  performed 
within  the  Vienna  ab  initio  simulation  package  using  the  generalized  gradient 
approximation  exchange  correlation  functional  implemented  by  Perdew-Burke- 
Emzerhof  and  projector  augmented  wave  pseudopotentials.26  30  A  plane-wave 
cutoff  energy  of  800  eV  was  used  for  the  electronic  wave  function  in  conjunction 
with  sampling  the  Brillouin  zone  with  a  2  x  2  x  2  Monkhorst-Pack  grid,  providing 
energetic  convergence  of  0.3  meV/atom.  The  ion  positions  and  lattice  parameters 
of  the  RE-doped  supercells  were  optimized  to  1  meV/A.  Because  the  4/-electrons 
in  RE  sesquioxides  have  been  shown  to  impact  the  structural  and  magnetic 
properties,  they  have  been  considered  as  valence  electrons,  except  for  Yb,  which 


Approved  for  public  release;  distribution  is  unlimited. 

7 


has  a  full  4/-shell.31,32  Further  model  development  and  computational  details  may 
be  found  in  Limmer  et  al.33 

Spin-orbit  coupled  calculations  were  performed  on  the  optimized  RE-doped 
supercells  to  determine  the  doping  effect  on  magnetocrystalline  anisotropy  energy 
(MAE)  and  the  easy  magnetic  axis  orientation.  These  non-self-consistent 
calculations  were  performed  by  manually  defining  the  spin-axis  orientation  in  the 
crystal  and  recalculating  the  system  energy.  The  non-self-consistency  prevented 
spin  reorientation  to  the  easy  axis  during  the  calculation.  The  MAE  was  defined  as 
the  change  in  energy  resulting  from  spin  axis  reorientation  and  is  indicative  of  the 
magnetic  anisotropy  of  the  crystal.  The  minimum  energy  axis  is  then  designated  as 
the  easy  axis,  and  the  hard  axis  corresponds  to  the  maximum  energy  direction. 

3.  Results 


3.1  Lotgering  Factor,  Particle  Alignment 

The  (006)  and  (110)  crystal  planes  were  selected  to  calculated  the  LF  because  of 
their  orientations  with  respect  to  each  other  as  had  been  done  previously.12  These  2 
planes  are  perpendicular  to  each  other,  which  will  help  gauge  if  there  is  alignment 
in  the  sample  with  respect  to  2  different  alignment  directions.  Figure  5  illustrates 
the  (006)  and  (110)  crystal  planes  in  a  rhombohedral  unit  cell,  such  as  the  unit  cell 
of  alumina.  Additionally,  the  (006)  crystal  plane  does  not  diffract  with  a  large 
intensity,  only  0.6%  of  the  highest  intensity  peak  in  alumina.  This  can  often  lead  to 
difficulties  in  data  analysis,  also  prompting  the  use  of  the  (110)  to  understand 
crystal  alignment. 


Fig.  5  Idealized  rhombohedral  unit  cell  illustrating  the  (006)  and  (110)  crystal  planes 
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To  calculate  the  LF  with  respect  to  the  (006)  crystal  plane,  Eqs.  4  and  5  were 
modified  to  Eqs.  6  and  7.  Similarly,  to  calculate  the  LF  with  respect  to  the  (110) 
crystal  plane,  Eqs.  4  and  5  were  modified  to  Eqs.  8  and  9. 


alignment, ( 006) 


'  (006) 


^(104) +^(006) +^(110) +^(113) 


(6) 


/ 


random,  (006) 


(006),  PDF 


/(104),PDF+/(006),PDF+/(110),PDF+/(113),PDF 


(V) 


P  nli 


alignment,  (110) 


'(no) 


^(104)  +^(006)  +^(110)  +^(113) 


(8) 


random,  (110) 


7(110),  PDF 


/(104),PDF+/(006),PDF+/(110),PDF+/(113),PDF 


(9) 


The  calculated  LFs  for  each  condition  are  listed  in  Table  1.  Figure  6  compares 
alignment  for  each  dopant  series  with  increasing  magnetic  field  with  each  crystal 
plane’s  alignment  separated.  EnAhCE  was  not  tested  for  alignment  in  a  9-T  field. 
Figure  7  shows  the  XRD  spectra  obtained  from  the  YbAhO?,  samples  aligned  at  0, 
1.8,  and  9  T.  In  the  figure,  each  of  the  crystal  planes  are  marked  which  were  used 
for  the  LF  calculations  described  earlier.  The  (006)  is  not  present  in  the  0-T  pattern; 
however,  the  (006)  does  appear  as  the  particles  align  under  an  increasing  magnetic 
field  strength. 


Table  1  LFs  calculated  from  (006)  and  (110)  planes  for  magnetically  aligned  ceramic 
composite  samples 


Composition 

LF  (%) 

0T 

1.8  T 

9  T 

(006) 

(110) 

(006) 

(110) 

(006) 

(110) 

Gd:  A1203 

0.25 

2.78 

27.0 

10.0 

25.0 

10.7 

Yb:  AI2O3 

3.29 

2.39 

26.6 

9.98 

51.8 

11.2 

Pr:  AI2O3 

0.25 

2.93 

0.25 

2.10 

0.25 

28.3 

Er:  AI2O3 

10.1 

2.65 

31.0 

12.3 

Undoped  AI2O3 

0.25 

2.75 

0.25 

3.01 

7.51 

8.9 

Approved  for  public  release;  distribution  is  unlimited. 

9 


Dopant  Dopant 


Fig.  6  a)  LF  as  a  function  of  field  strength  and  dopant  type  with  respect  to  the  (006),  LF(oo6> 
and  b)  LF  as  a  function  of  field  strength  and  dopant  type  with  respect  to  the  (110),  LF(no> 


34  35  36  37  38  39  40  41  42  43  44  45 

°20  /  Cu  Ka 

Fig.  7  XRD  example  spectra  of  YbiAhCb  samples  with  increasing  magnetic  field  strength 

The  XRD  data  for  LF(oo6)  shows  3  compositions  with  significant  alignment: 
Gd:Ah03,  EnAhCb,  and  YbiAhCE.  PnAhCb  and  undoped  AI2O3  did  not  show 
significant  (006)  peak  intensity  to  calculate  the  LF.  However,  after  a  9-T  field  was 
applied  to  the  undoped  AI2O3,  there  was  a  large  enough  peak  to  calculate  the  LF. 
The  XRD  data  for  LF(no)  shows  essentially  the  opposite  result,  with  PrAhOi 
showing  the  largest  alignment  along  the  (110)  plane.  The  other  compositions  had 
comparable  orientations,  but  all  were  higher  than  the  samples  cured  without  a 
magnetic  field  applied. 
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3.2  DFT  Calculated  Magnetic  Properties 


DFT  calculations  were  used  to  predict  the  internal  magnetic  moment  of  the  RE- 
doped  alumina.  The  magnetic  moment  magnitude  and  localization  was  generally 
unaffected  by  the  phase  and  substitution  site  coordination.  However,  the  magnetic 
moment  increased  with  an  increasing  number  of  unpaired  electrons,  as  shown  in 
Fig.  8.  Gd:Ah03  had  the  largest  intrinsic  magnetic  moment  (6.9  gb),  whereas 
YbiAhCE  had  the  smallest  (0.9  gb).  The  localization  of  the  magnetic  moment  was 
considered  by  examining  the  magnetic  moment  isolated  to  the  RE-dopant  site,  as 
defined  by  the  Wigner-Seitz  radii  in  the  pseudopotential.  The  magnetic  moment  is 
strongly  localized  to  the  substitution  site  for  Er,  Gd,  and  Pr  with  greater  than  97% 
of  the  magnetic  moment  localized  to  the  RE-dopant.  In  contrast,  YbcAhCf  showed 
a  large  delocalization  of  the  magnetic  moment  with  only  9%  of  the  moment 
localized  on  the  dopant.  The  remainder  of  the  magnetic  moment  was  distributed 
over  the  surrounding  O-atoms  such  that  83%  of  the  O-atoms  in  the  supercell  had 
an  induced  magnetic  moment.33 


undoped  Yb  Er  Gd  Pr 

Dopant 


Fig.  8  Intrinsic  magnetic  moment  of  RE-doped  a-AhCb  indicating  the  degree  of  localization 
around  the  RE-dopant 

The  MAE  and  easy  axis  were  affected  by  the  dopant  site  and  phase  as  shown  in 
Table  2,  though  the  total  magnetic  moment  remained  consistent  for  a  given  dopant 
type.  The  largest  anisotropy  was  generally  observed  for  Er  followed  by  Pr,  with  Gd 
having  the  smallest  anisotropy  despite  having  the  largest  magnetic  moment. 
0-AI2O3  was  more  magnetically  anisotropic  than  01-AI2O3,  and  this  effect  was  most 
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pronounced  for  Pr:Ah03,  which  had  a  3-fold  increase  in  MAE.  Additionally,  the 
easy  axis  was  dependent  on  the  dopant  type.  In  (X-AI2O3,  both  Gd  and  Yb 
maintained  easy  axes  near  to  easy  axis  of  undoped  01-AI2O3,  the  c-axis. 

Table  2  DFT  calculated  easy  magnetic  axis  and  maximal  MAE  (meV)  indicating  degree  of 
magnetic  anisotropy  in  the  RE-doped  supercell  for  RE-dopants  in  the  Al-octahedral  site  of 
a-  and  0-AI2O3 


Phase 

Composition 

Yb:Al203 

Er:Al203 

Gd:Al203 

Pr:Al203 

(X-AI2O3 

<3  2  10> 

<  1  20> 

<00  1  > 

<23  2> 

6.1 

23.1 

0.4 

11.0 

0-AI2O3 

<3  0  1  > 

<  -4  3  4  > 

<  1  0  20  > 

<  1  00> 

0.5 

31.3 

0.4 

30.9 

4.  Discussion 


The  alignment  of  the  doped  alumina  may  be  limited  by  several  factors.  First,  the 
viscosity  of  the  epoxy  could  be  increasing  too  quickly  for  significant  particle 
alignment  to  occur.  If  that  were  the  case,  one  would  still  expect  better  alignment 
with  the  9-T  field  conditions  because  increasing  the  magnetic  field  would  decrease 
the  amount  of  time  necessary  for  alignment.  However,  not  all  the  samples  show 
increased  magnetic  alignment.  From  1.8  to  9  T,  for  example,  the  Gd-doped  alumina 
specimen  did  not  show  improved  orientation  upon  alignment  under  9  T.  This  could 
indicate  a  maximum  field  strength  exists  for  particle  alignment  in  this  system. 
Another  potential  explanation  is  that  steric  interactions  are  hindering  particle 
rotation.  This  is  something  that  has  been  reported  with  other  attempts  to  produce 
micro-texture.  For  example,  when  trying  to  magnetically  align  platelet  alumina; 
once  the  plates  come  close  together,  they  start  to  inhibit  each  other  from  alignment 
by  impinging  each  other.9  Because  the  powders  used  in  these  studies  were  derived 
from  a  chemical  precipitation  process,  it  is  likely  that  the  particles  are  not  smooth 
and  spherical  increasing  the  likelihood  of  strong  inter-particle  interactions  that  can 
potentially  inhibit  alignment.  However,  since  the  samples  contained  only  20-wt% 
solids,  it  is  unlikely  that  steric  hindrance  had  a  large  effect. 

The  overall  agglomeration  of  alumina  crystallites  could  also  be  leading  to  the 
variation  in  the  data.  Although  no  analysis  has  been  done  to  quantify  the  degree  of 
agglomeration,  it  is  likely  that  some  amount  of  agglomeration  was  present  since  no 
dispersant  was  used.  If  multiple  crystallites  were  present  in  different  orientations 
within  the  agglomerates,  the  torques  applied  to  the  agglomerate  by  the  magnetic 
field  would  be  in  competition.  It  is  unknown  if  these  torques  would  be  strong 
enough  to  break  up  a  soft  agglomerate  but  is  unlikely  to  break  up  hard 
agglomerates. 
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As  can  be  seen  in  Fig.  6,  alignment  generally  increases  with  magnetic  field  strength. 
Looking  at  the  data,  2  surprising  points  stand  out.  The  first  is  both  the  GdiAkCb 
and  the  YbiAbCL  have  similar  alignment  along  the  (110)  plane  despite  GdiALCL 
having  a  much  stronger  total  magnetic  moment.  However,  when  considering  the 
LF(006),  the  Yb:Ah03  has  a  larger  response.  This  may  be  in  part  due  to  the 
localization  of  the  magnetic  moment.  In  the  case  of  Gd:  AI2O3  the  magnetic  moment 
is  localized  to  the  dopant  position,  whereas  for  YbrAbCb  the  magnetic  moment  is 
more  globally  distributed  within  the  structure,  possibly  inducing  higher  torque 
along  selected  crystal  planes  for  the  same  field  strength.  The  second  interesting 
result  is  that  the  undoped  samples  experience  a  small  degree  of  alignment  when  the 
field  strength  is  high  enough.  Calculations  indicate  a  field  of  approximately  10  T 
should  be  necessary  for  moderate  amounts  of  alignment.1417  While  this  was 
expected  due  to  the  fact  that  Eqs.  1  and  2  state  that  no  matter  how  small  the 
magnetic  susceptibility  anisotropy,  if  the  field  strength  is  strong  enough  alignment 
should  be  possible. 

The  disproportionately  weak  response  observed  in  the  Pr:  AI2O3  compared  with  the 
other  dopants  is  puzzling;  increasing  the  sample  size  of  that  condition  would  be 
necessary  to  confirm  that  the  observation  is  not  simply  an  artifact.  If  the  observation 
is  authentic,  it  could  be  explained  by  differences  in  magnetic  anisotropy  between 
alpha  and  theta  alumina  since  confirming  powder  phase  showed  additional  peaks 
associated  with  0-alumina  in  the  PnAbCb  powder.  Table  3  shows  the  calculated 
amount  of  alpha  and  theta  phases  in  each  of  the  RE-doped  alumina  materials.  The 
plain  alumina  was  found  to  be  q-alumina,  which  has  a  space  group  of  Fd3m.  It  is 
unclear  why  the  plain  alumina  crystallized  as  q-alumina  which  will  be  explored  in 
another  study.  Theta  and  alpha  alumina  have  different  behavior  to  magnetic  fields, 
as  predicted  by  the  MAE  calculations  in  Table  2.  It  is  possible  that  the  large  amount 
of  theta  alumina  in  PrrAbCb  is  the  cause  of  preferred  alignment  along  the  (110). 

Table  3  Quantification  of  alumina  polymorphs  in  the  materials  examined,  determined  by 
Rietveld  refinement  of  synchrotron  XRD 

„  ...  Polymorph  (%) 

Composition  * 

_ _ _ a _ 0 _ x\ 


Ab03 

Gd:Al203 

76 

24 

Yb:Al203 

84.4 

15.6 

Pr:Al203 

32.5 

67.5 

Er:Al203 

62.6 

37.4 

The  DFT  results  indicated  that  the  magnetic  anisotropy  of  alpha-phase  PnAhCE  is 
second  only  to  Er:  AI2O3  for  which  no  experimental  result  exists  for  comparison  at 
9  T.  Further,  this  anisotropy  was  greatly  increased  for  Pr  in  0-AI2O3  in  comparison 
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to  the  alpha  phase.  Additionally,  earlier  DFT  results  showed  that  increasing  the 
dopant  radii  increased  the  relative  stability  of  0-AI2O3,  potentially  increasing  the 
0-AI2O3  content  of  the  Pr-doped  sample  more  than  for  the  other  dopants.33  This 
could  result  in  crystals  aligning  along  different  directions  since  the  DFT  results 
suggests  that  doped  theta  and  alpha  alumina  have  different  magnetic  anisotropy. 
Preliminary  DFT  results  predict  that  both  Er  and  Pr  shifted  the  easy  axis  from  the 
c-axis,  the  known  easy  axis  for  a-alumina5,12  14,17  suggesting  that  the  (006)  peak  is 
no  longer  the  ideal  plane  to  calculate  LF.  This  is  confirmed  by  calculating  the  LF 
of  the  (110)  plane,  which  does  show  significant  alignment  in  PnAhCf. 

5.  Conclusions 


The  experimental  results  reported  here  show  that  magnetic  fields  can  be  used  to 
produce  particle  alignment  in  alumina.  Furthermore,  they  show  the  dopant  identity 
affects  the  responsiveness  of  alumina  to  a  magnetic  field,  suggesting  a  change  in 
the  magnetic  anisotropy  of  the  crystal  that  is  supported  by  modeling  results.  The 
results  also  show  varying  responses  from  different  RE  dopants  and  that  in  particular 
Er,  Yb,  and  Gd  are  particularly  effective.  There  may  also  be  some  alumina 
phase/structural  dependency  on  the  alignment  as  evidenced  by  preliminary  DFT 
calculations.  Gel-casting  of  alumina  parts  appears  to  be  a  feasible  method  of 
inducing  particle  alignment  under  an  applied  magnetic  field.  Future  research  will 
repeat  these  studies  as  necessary  to  determine  the  effects  of  the  alumina  structure 
on  magnetic  alignment  behavior  by  calcination  to  pure  alpha  and  pure  theta  phases 
as  necessary. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


ARL 

US  Army  Research  Laboratory 

DFT 

density  functional  theory 

DI 

deionized 

Er 

erbium 

Gd 

gadolinium 

LF 

Lotgering  factor 

MAE 

magnetocrystalline  anisotropy  energy 

Pr 

praseodymium 

XRD 

X-ray  diffraction 

Yb 

ytterbium 
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